ADDITIONAL INDEX WORDS. sensitivity analysis, partial budget analysis, Meloidogyne sp., Solanum lycopersicum · S. habrochaites, rootstock, scion SUMMARY. Growers are looking for sustainable alternatives to methyl bromide as a soil fumigant that are effective and economical. Increased demand for organically produced fruits and vegetables has also contributed to the need for environmentally friendly soil-borne disease control methods. Grafting may be a valuable tool for vegetable growers to cope with pest management challenges in production of cucurbits and solanaceous crops; however, there are concerns regarding the higher costs associated with the use of grafted plants in the United States. The main objective of this 2-year study was to determine if grafting with a resistant rootstock could be cost-effective to overcome root-knot nematodes (RKN) (Meloidogyne sp.) and maintain fruit yield in organic heirloom tomato (Solanum lycopersicum) production in Florida's sandy soils. The heirloom tomato cultivar Brandywine was grafted onto the rootstock 'Multifort'. Nongrafted and grafted 'Brandywine' plants were grown organically in two fields that exhibited different levels of RKN infestations. Grafted and nongrafted transplants were estimated to cost $0.78 and $0.17 per plant, respectively. The cost of rootstock seeds accounted for 36% ($0.28/plant) of the total cost of the grafted transplants and 46% of the cost difference between grafted and nongrafted plants. Sensitivity analyses were conducted using these estimated transplant production costs and crop yield data from the field trials as well as price information for heirloom tomato. Results showed that under severe RKN pressure, grafting may be an economically feasible pest control measure to help maintain a profitable production given that the risk of economic crop losses due to RKN outweighed the higher cost of grafted transplants.
SUMMARY. Growers are looking for sustainable alternatives to methyl bromide as a soil fumigant that are effective and economical. Increased demand for organically produced fruits and vegetables has also contributed to the need for environmentally friendly soil-borne disease control methods. Grafting may be a valuable tool for vegetable growers to cope with pest management challenges in production of cucurbits and solanaceous crops; however, there are concerns regarding the higher costs associated with the use of grafted plants in the United States. The main objective of this 2-year study was to determine if grafting with a resistant rootstock could be cost-effective to overcome root-knot nematodes (RKN) (Meloidogyne sp.) and maintain fruit yield in organic heirloom tomato (Solanum lycopersicum) production in Florida's sandy soils. The heirloom tomato cultivar Brandywine was grafted onto the rootstock 'Multifort'. Nongrafted and grafted 'Brandywine' plants were grown organically in two fields that exhibited different levels of RKN infestations. Grafted and nongrafted transplants were estimated to cost $0.78 and $0.17 per plant, respectively. The cost of rootstock seeds accounted for 36% ($0.28/plant) of the total cost of the grafted transplants and 46% of the cost difference between grafted and nongrafted plants. Sensitivity analyses were conducted using these estimated transplant production costs and crop yield data from the field trials as well as price information for heirloom tomato. Results showed that under severe RKN pressure, grafting may be an economically feasible pest control measure to help maintain a profitable production given that the risk of economic crop losses due to RKN outweighed the higher cost of grafted transplants. V egetable grafting is popular in Asian and European countries where continuous cropping and intensive production is practiced. This technique offers resistance/tolerance to biotic and abiotic stressors in a variety of cucurbitaceous and solanaceous crops Lee et al., 2010; López-Pérez et al., 2006; Louws et al., 2010; Rivard et al., 2010a; Venema et al., 2008) . In the United States, vegetable grafting is gaining in importance because of the phase out of soil fumigation with methyl bromide (King et al., 2008) . Since the price of methyl bromide is increasing and the price of grafted plants is decreasing, vegetable grafting may be an economically viable method of disease control in the United States.
The continued increase in demand for foods produced organically (Greene et al., 2009 ) may also have helped fuel the interest in vegetable grafting in the United States. For instance, organic growers have used grafting to control RKN , which are a major problem in the sandy soils common to Florida (Roberts et al., 2005) . RKN-resistant tomato rootstocks have been shown to reduce RKN galling and maintain yields (Bausher, 2009; Louws et al., 2010; Rivard et al., 2010b; Verdejo-Lucas and Sorribas, 2008) . However, grafting in the United States has not yet reached its full potential as a control for soilborne pathogens and nematodes.
It has been estimated that 40 million grafted vegetable transplants are currently used in the United States every year. Most of these plants are produced in Canada and are used by major greenhouse tomato producers for season extension and increased crop vigor . In contrast, over 200 million grafted tomato transplants are used annually in Japan and Korea for improved crop production and relief from soil-borne pathogens, temperature extremes, and soil salinity (Lee et al., 2010) . Grafting in the United States is expected to expand greatly in the coming years as more uses are realized, high-quality transplants become more available, and prices for grafted transplants are reduced (King et al., 2008; Kubota, 2008; Lee et al., 2010) .
High labor costs and low return per plant have been suggested as barriers to adoption of grafted vegetable production in the United States. (Rivard et al., 2010b) . Lee et al. (2010) reported prices of grafted transplants between $0.40 and $1.20 for various crops. Grafted tomato transplants can cost between $0.60 and $0.90 per plant without factoring in seed costs . Although interest in this technique is on the rise, there has been little reported on the price of grafted transplants for vegetable production in the United States. Prices for domestic grafted tomato plants were estimated by Rivard et al. (2010b) at $0.59 (on-farm, organic) and $1.88 (retail, double-stem pruned for greenhouse production) as compared with $0.13 (on-farm, organic) and $0.76 (retail, double-stem pruned for greenhouse production) for nongrafted plants in two different transplant production facilities. However, to our knowledge, there have been few To provide seedlings with similar stem diameter for grafting, rootstock seeds were sowed 2 d before sowing the scion seeds. Grafting occurred 34 d (2010) and 28 d (2011) after the scion seeds were sowed. Seedlings were splice grafted at the three-to fiveleaf stage. A 1.5-or 2.0-mm silicone grafting clip (Hydro-Gardens, CO Springs, CO) was used to hold the grafted scion and rootstock together. Grafted seedlings were placed in a climate controlled walk-in cooler at 25°C and 95% relative humidity and kept in darkness for 24 h. Relative humidity was reduced and light exposure was increased for 6 d following grafting until the grafted transplants were healed. The transplants were then hardened off in the greenhouse for 3 d before transplanting into the field. Grafting and healing procedures were adapted from Rivard and Louws (2006) . Nongrafted transplants were grown in the greenhouse until transplanting into the field. Transplanting took place on 10 Apr. 2010 and 2 Apr. 2011.
FIELD TRIALS. An organic field trial was conducted in 2010 and repeated in 2011. A transitional organic field trial was also conducted in 2011 at a site with a history of nematode infestation. This trial was designed to resemble a field in the 3-year transition to organic. A randomized complete block design with five replications (blocks) was used for all three field trials. Each trial consisted of two treatments: nongrafted BW (NGBW) and BW grafted onto MU (BW/MU). All field trials were conducted at the University of Florida Plant Science Research and Education Unit in Citra, FL. The soil at the research site was classified as Candler sand, hyperthermic, uncoated Typic Quartzipsamments. Fruit were harvested at the breaker stage of ripeness. Tomato harvests for the organic fields took place on 7, 13, 17, and 25 June 2010; and 4, 8, 13, 16, 22, and 28 June 2011. The transitional field was harvested on 4, 8, 13, 16, and 23 June 2011. All tomatoes were graded as if they were to be sold. Tomato marketability was based on experience gained from meeting with local heirloom tomato growers. Fruit that were not marketable were culled according to their defect (e.g., blossom end rot, catfacing, splitting, etc.). After grading, all fruit were counted and weighed. At the completion of each trial, roots of five plants per treatment in each block in the organic fields and three plants per treatment in each block in the transitional field were assessed for nematode galls. In both years, the root gall rating scheme proposed by Zeck (1971) was used to estimate nematode infestation levels on plant root systems. This scale is organized from 0 to 10, where 0 = no galling and 10 = plant and roots are dead. Three researchers assessed each plant individually and then the ratings were averaged for each plant. The plant ratings were then averaged for each treatment in each block (five plants per plot in the organic fields; three plants per plot in the transitional field).
ECONOMIC ANALYSES. Sources and prices for materials and labor used to perform the partial budget analysis were identified for estimating the cost of producing grafted heirloom tomato transplants (Table 1) . A partial budget analysis can be used to examine the effects of changes in costs of certain production inputs on the change of profit of a farming operation. This technique focuses on the portion of the budget of interest rather than an entire budget. A partial budget analysis was conducted using data acquired during this grafted heirloom tomato study. All phases of grafted and nongrafted transplant production were recorded to provide accurate estimates for labor, materials, and total transplant production costs. Production costs were based on a target of 1000 grafted and nongrafted transplants. The 2011 average wage for an entry-level agricultural worker in the state of Florida was $8.45/h (Florida Department of Economic Opportunity, 2011). This wage was used for all labor calculations. The cost of BW seed for the nongrafted transplants reflected the over-seeded rate of 10% to account for 90% germination. Scion and rootstock seed costs for the grafted transplants reflected the over-seeded rate of 25% to account for 90% germination and 90% grafting success. The cost of one grafted vs. nongrafted transplant was then calculated from the total cost of production for 1000 transplants.
Costs for constructing a simple healing chamber were based on experience gained at the University of Florida and reflected a practical option for small growers and grafters. Although a walk-in cooler was used in this study for healing the grafted transplants, a simpler structure may be conveniently substituted.
Sensitivity analyses were conducted to compare partial net returns for grafted and nongrafted plants grown under organic and transitional to organic growing conditions. These partial net returns per plant were calculated by subtracting the cost of the transplant from the estimated return and do not account for other production costs (e.g., transplanting labor, field preparation, mulch, fertilizer, etc.). Sensitivity analyses were carried out using the mean yield per plant ±3 SE
• April 2012 22 (2) and a range of average price per pound received for organic heirloom tomato fruit. Mean yield per plant ±3 SE were used to provide a 99% confidence interval of expected yields. The mean yield per plant and SE for nongrafted and grafted plants were estimated from the analyses of yield data from the 2010 and 2011 field trials using the GLIMMIX procedure in SAS (version 9.2; SAS Institute, Cary, NC). The tomato yield data used to construct the grafted and nongrafted analyses for the organic field were pooled from 2010 and 2011 to form a more representative data set. The range of prices per pound used for the sensitivity analyses were derived from the monthly average price of a 10-lb carton of organic heirloom tomato fruit, as published by the USDA from 2008 (USDA, 2009).
Results and discussion
TRANSPLANT COST ANALYSES. Sources and prices for materials used in production of grafted and nongrafted heirloom tomato transplants are shown in Table 1 . Grafted transplants required more materials, seeds, and labor and were more expensive to produce than nongrafted plants. In this study, grafted transplants cost $0.78 per plant while nongrafted transplants cost $0.17 per plant (Table  2) . Our results were consistent with results reported by Rivard et al. (2010b) that estimated a cost of $0.59 per grafted plant and $0.13 per nongrafted plant for organically produced tomato transplants. The bulk of this price difference was associated with the price of the rootstock seeds, which accounted for 36% ($0.28/ plant) of the total cost of the grafted transplants and 46% of the cost difference between grafted and nongrafted transplants. It has been suggested that high labor costs could be a major barrier to adoption of grafted vegetable production Rivard et al., 2010b) ; however, labor costs were not a major factor for grafted transplant cost, accounting for only 15% ($0.09/plant) of the cost difference between grafted and nongrafted transplants.
Overall, grafting added $0.61 per transplant to the cost of production. This is similar to the $0.60 to $0.90 (excluding seed cost) per grafted transplant price reported by Kubota et al. (2008) . Our results were also consistent with the per transplant price increase of $0.46 in North Carolina and $0.74 in Pennsylvania for grafted tomato production as reported by Rivard et al. (2010b) .
The cost of building an inexpensive but effective healing chamber was considered in the cost estimation of grafted transplants instead of the walkin cooler that was actually used since a walk-in cooler may not be available to some growers. However, it should be noted that using a walk-in cooler as a healing chamber might help reduce the cost of producing grafted transplants by achieving a high graft survival rate and avoiding the cost of building a healing chamber.
Lowering the cost of grafted transplants and rootstock seeds could increase adoption of the grafting technique by vegetable growers in the United States. The price reduction of grafted transplants may be more important for commercial producers who rely on propagators to supply large quantities of high-quality transplants. Decreasing the rootstock seed cost is the most important factor for decreasing the cost of grafted seedlings. In addition, improving the graft survival rate and efficiency of grafted transplant production will also help reduce the cost of grafted plants.
SENSITIVITY ANALYSES. Sensitivity analyses are useful for systematically estimating changes in variables in an economic model. In the present study, we used sensitivity analyses to estimate the return per plant of grafted and nongrafted heirloom tomato production with varying yields and prices per pound of tomato fruit. Sensitivity analyses were developed to compare grafted transplant cost and economic returns associated with expected yields. Excluding the extra cost of grafted transplants, overall production costs would be similar whether grafted or nongrafted transplants were used assuming crop management practices were similar. Comparisons were made between plants grown in a field with relatively low RKN infestations and plants grown in a field with high RKN infestations to assess the economic feasibility of using grafted transplants for RKN control.
This study focused on organic heirloom tomato production because of the unique opportunity for vegetable grafting to be adopted by these typically smaller growers. Heirloom tomatoes often command a higher market price than regular fresh market tomatoes. Organic produce also commands a higher price at market. Therefore, organic heirloom tomatoes offer a niche market with price premiums that afford more opportunity for growers to experiment with grafted transplants. This is especially true when using grafted transplants with high resistance/tolerance to soil-borne diseases for yield improvement in fields with a history of severe infestation.
Root-knot nematode galling was not observed during the organic field trial conducted in 2010. There was root galling in the 2011 organic field trial, but the lower galling ratings for grafted plants did not result in increased yield as compared with nongrafted plants (data not shown). The 2010 and 2011 growing seasons were also very different with respect to climatic conditions. According to the data provided for Citra, FL, by the Florida Automated Weather Network, the Spring 2010 growing season (February-June) accumulated 167 mm more rainfall and there was an increased incidence of bacterial spot (caused by Xanthomonas campestris). Overall, the Spring 2011 season was a much more mild and dry growing season and was more favorable for growing a tomato crop. Yield data from the organic fields were pooled from the two seasons to provide a representative estimate for an average year in the present study. The performance of BW as a low-yielding heirloom tomato cultivar from this study was comparable to that reported previously (Kline and Nitzsche, 2005; Williams et al., 2005) . However, little information is available from the literature with respect to yield of BW tomato grown organically. Relatively low marketable yield of field-grown organic heirloom tomato during the spring season in FL conditions may be expected given the short growing period and high pest pressure.
The results of the sensitivity analyses presented in Table 3 were representative of expected yields for grafted and nongrafted heirloom tomato plants grown in an organic field with relatively low RKN pressure. NGBW plants produced a mean marketable yield of 1.8 lb per plant, and at that yield for the lowest tomato price per pound ($1.80/lb), the estimated partial net return was $3.07/plant. This was $1.49 more than the estimated partial net return for the mean marketable yield of BW/MU at 1.31 lb per plant at the same price of $1.80/lb. This comparison demonstrates that grafting may not be economically feasible when applied to fields with low RKN pressure and insignificant yield improvement as a result of grafting. Taylor et al. (2008) came to a similar conclusion that farmers growing seedless watermelon (Citrullus lanatus) should not consider using grafted plants if Fusarium wilt (caused by Fusarium oxysporum) is not an issue. Table 4 shows the sensitivity analysis results based on expected yields for nongrafted and grafted plants grown in a research plot representing a field under transition to organic with high RKN pressure. The NGBW plants in this transitional field trial had a mean marketable yield of 0.35 lb per plant with an expected partial net return of $0.46/plant at $1.80/lb of heirloom tomato fruit. The mean marketable yield of BW/MU plants was 1.44 lb per plant, which was 311.4% higher than that of NGBW. The expected partial net return per plant for BW/ MU was $1.81 at $1.80/lb. This represents a $1.35/plant difference These findings suggest that grafting could be an economically feasible approach to control RKN in heirloom tomato production in organic and transitional organic systems with severe RKN pressure. Grafting could be critical for growers in the transition process from conventional to organic farming systems with high populations of soil-borne pathogens and nematodes. Many of the pest control strategies employed in organic or alternative cropping systems can take multiple seasons to have a beneficial effect (McSorley, 2002) , whereas grafting effects are immediate. Resistant rootstocks can also reduce field infestation levels for subsequent crops and provide a nonhost root system in a crop rotation. Grafting may also reduce the need for expensive fumigants in conventional farming systems thereby reducing input costs. Although this study focused on the use of grafting to control tomato RKN, grafting has been used successfully in the United States for managing bacterial wilt (caused by Ralstonia solanacearum), Fusarium wilt (Rivard and Louws, 2008) , as well as southern blight (caused by Sclerotium rolfsii) in tomato production (Rivard et al., 2010a) .
Conclusions
As the demand for organically produced fruits and vegetables continues to rise, more organic farmers will need effective soil-borne disease control methods. Grafting is an effective tool for soil-borne disease management that carries economic considerations with it. A grower must understand the benefits and limitations associated with grafting. Our findings suggest the use of grafted plants may be appropriate in fields with a history of high soilborne disease pressure. Actual production costs for individual farmers will vary and for that reason only transplant costs were included in our cost-benefit analyses. This study was designed to provide a base line reference for growers interested in producing and using grafted transplants on-farm. Further work should examine local production methods and costs to provide accurate information for growers in diverse environments. More rootstocks should be developed for open-field production, which in Florida is typically associated with short, wet, and hot seasons. The vigorous rootstocks that are adapted to the greenhouse conditions may not be suitable for field production. Early harvests may be more important to open-field tomato growers to capture highest market prices.
It is expected that more growers in the United States may consider using grafted transplants for soil-borne disease control in the near future (King et al., 2008; Kubota, 2008; Lee et al., 2010) . Researchers, extension agents, and growers will need to work together to ensure that rootstocks suited for open-field conditions and the appropriate scion-rootstock combinations are used to optimize the benefits of this technique. The economic viability of grafted vegetable production will ultimately depend on farmers to identify the soil-borne disease problem at their production site and choose the suitable rootstock and scion to meet their needs.
